In conditionally automated driving, the driver is required to take-over control of a vehicle if a take-over request is issued due to possible system limitations. This study investigates the effect of roadway environments and secondary tasks on take-over performance and safety. The experiment was conducted in a real vehicle-based driving simulator. Participants experienced three different traffic scenarios, including a non-critical scenario and two critical scenarios. Manual driving, a 1-back cognitive secondary task and a letter game task were each tested in each scenario. Results indicate that different driving scenarios and secondary tasks impact take-over characteristics; in particular, they have a strong effect on take-over time and driver workload, which impacts take-over safety. Specifically, the steering reaction was generally slower than the braking reaction, indicating that lateral operation requires more cognitive and decision-making time. In extreme cases, braking operation alone was insufficient to ensure safety, and steering operation was required. When obstacles were difficult to detect, or when the driver was engaged in a visual secondary task, the steering reaction time increased significantly. This study provides data for take-over safety evaluations and best practices of conditionally automated driving.
However, if a driver is at a low level of cognitive load for a long time, it is common to suffer from fatigue or distraction, which is not conducive to driving safety [9] . Researchers have also pointed out that danger is not as imminent during fully automated driving-driving is more dangerous in an intermediary level in which drivers monitor the operation of the automated system, because drivers cannot remain vigilant for long enough [10] , [11] .
In conditionally automated driving, the driver's workload is unique in two ways: insufficient load (when the automated system is working, and driver attention is at a low) and excessive load (when drivers are suddenly required to takeover control of the vehicle). In automated driving, drivers are not attentive enough to monitor the environment in realtime, because they become distracted given the lower levels of mental and cognitive load during conditionally automated driving. And when the driver is suddenly required to takeover control, the demand for mental and cognitive workload increases sharply [12] , [13] . This has a direct impact on the safety of the take-over process as it is demanding and often jarring for drivers.
Nilsson et al. [14] used the mental workload scale in a simulator experiment to compare the mental workload between automated driving and manual driving. The results show that in the range of 0-150 points, the average mental workload on automated driving was 12 points, considerably lower than the average 37 points of manual driving. Rizzo et al. [15] used the NASA Task Load Index (NASA-TLX) scale to evaluate driver workload at different levels of automated driving. The results show that the overall workload of drivers at high levels of automated driving was 12%, lower than both the 41% workload of autosteering systems and the 44% workload of the ACC (Adaptive Cruise Control) system, and considerably lower than the 57% workload of manual driving. Bibby described it as 'highly automated systems that cause 99% boredom and 1% sudden terror'' [16] . Hancock and Krueger [17] proposed that automated driving can make the routine driving task easier but make the unconventional driving task more difficult. Wiener [18] carried out research from the point of view of the time-varying characteristics of driving workload and found that the uneven distribution of driving workload under automated driving is even more significant than the simple increase or decrease of driving workload. The above studies show that in a conditionally automated driving environment, the driver workload characteristics are different from conventional driving, and this creates new challenges for drivers and road safety.
Researchers have studied the impact of secondary tasks on take-over performance, hoping to improve take-over performance by engaging the driver's attention resources through secondary tasks. Secondary tasks, also called non-driving related tasks, mainly occupy the physical or psychological senses, such as brain, eye, ear, mouth, hands, etc. The tasks primarily include telephone talking, listening to radio, watching videos, text input, n-back tasks, surrogate reference tasks (SuRT), etc. Studies have found results in two schools of thought. On the one hand, compared with manual driving, secondary tasks may weaken the driver's situational cognitive ability and reduce driving performance. Through simulated driving experiments, Louw and Merat [19] found that secondary tasks in automated driving are more dangerous than those in manual driving. On the other hand, compared with automated driving, secondary tasks can maintain a certain amount of mental workload and have a positive impact in improving take-over performance. The results of simulated driving experiments presented by Neubauer et al. show that drivers who were using mobile phones reacted more quickly to emergencies than those who did not perform secondary tasks during automated driving [20] .
The reaction characteristics of the driver are closely related to take-over performance. Piccinini et al. [21] studied the reaction of drivers to critical situations in automated driving through simulator experiments. The results show that the reaction of drivers in automated driving is significantly slower than in manual driving, particularly when the driver is engaged in secondary tasks that require the use of vision, and the lag in reaction is particularly evident. Gold et al. [22] quantified the reaction time of the driver's take-over process. The results show that the average reaction time of gaze fixation is 0.5 seconds, that of hands back to the steering wheel is 1.5 seconds, and that of checking the side mirrors is 3 seconds. At the time of take-over, the closer the obstacle is, the more urgent the driver's braking and steering. Gold et al. [23] also found that keeping hands on the steering wheel during automated driving did not make the driver react more quickly to an emergency. Merat et al. [6] found that while it takes only 7-9 seconds for the driver to take control, it requires 35-40 seconds to stabilize lateral control of the vehicle.
Currently, there is no uniform criterion for driver reaction, because the factors affecting it are diverse. It is not only related to the type of take-over incident, but also closely related to the environment in which the driver is located (road type, emergency, traffic density, weather, etc.) [24] [25] [26] [27] [28] and the driver's task status [29] .
The current state of safety research in control transitions mainly focuses on safety evaluation methods or parameters and the critical level design of take-over scenarios. Safety evaluation parameters mainly include the number of critical events (e.g. collisions), critical status, vehicle driving stability, and driver's subjective responses to questionnaires. Radlmayr et al. [30] directly used the number of accidents during the take-over process for safety evaluation. However, for some scenarios in which no or few accidents are observed, more alternative parameters are still needed, and, therefore, critical status has been widely adopted. Borojeni et al. [31] investigated the correlation between time to collision (TTC) and take-over safety. Happee et al. [32] considered the current acceleration of the front vehicle, added more variables, and used enhanced TTC (ETTC) as a safety evaluation index. Critical status is intuitive in cases where braking is needed to VOLUME 7, 2019 resolve critical scenarios, but for evasive operations in which the driving path changes rapidly with steering actions, there are more complex considerations. Kerschbaum et al. [33] used standard deviation of lateral position (SDLP) as a parameter to evaluate take-over safety during lane change and collision avoidance. In addition, Kraft et al. [34] collected drivers' feedback on strain and safety through subjective questionnaires and used them to evaluate safety in the takeover process.
For critical level design of take-over scenarios, in most experiments, drivers avoid collisions by braking or changing lanes [6] , [22] , [23] , [29] , [35] [36] [37] . Some researchers even use a large vehicle to block obstacles in advance to increase the criticality of the scenario [38] [39] [40] . Although it is of utmost importance to know how quickly a driver can respond to a take-over request (TOR) and what the shortest TOR times are in emergencies, there is a paucity of research exploring the time it takes a driver to take-over control in normal, noncritical scenarios. Some studies [41] [42] [43] investigated the difference of driver's reaction time and workload between non-critical and critical take-over scenarios and argued that if normal, non-critical control transitions are designed based on data obtained in studies utilizing critical scenarios, there is a risk of irrelevant or undesired consequences. Furthermore, these consequences should not be present in every transition of control as they pose a safety risk for the driver and other road users [41] .
During previous experiments, the driver's reactions to one or more events were studied through the last transition of control from vehicle to driver. Key events may have included passing through a construction area, crossing a crossroad, passing obstacles, blurred lane lines, and pedestrians crossing the road (Table 1 ). In many studies, control transition occurred at the end of these scenarios [10] , [44] [45] [46] . Summarizing previous studies, it can be found that, on the one hand, there is no definite conclusion about whether secondary tasks will promote or damage take-over performance, and there has not been a targeted comparative analysis of the impact of visual secondary tasks on performance. On the other hand, the difference between non-critical scenarios and critical scenarios requires further research. This study investigates how the secondary task type and test scenario affect the driver's take-over performance during a takeover request (TOR) for the control of a vehicle. Therefore, the objectives of this study are as follows: (1) to assess the workload of the driver performing different types of secondary tasks in different test scenarios, (2) to analyze the influence of different test scenarios and secondary tasks on driver's reaction time, and (3) to investigate the relationship between the driver's reaction time, workload, take-over mode and driving safety.
II. METHODOLOGY A. PARTICIPANTS
Twenty-eight participants (10 females, 18 males) between 21 and 61 years of age (M = 32.32, SD = 11.75) with driving experience ranging from 2 to 29 years (M = 7.33, SD = 7.35) participated in the experiment. All participants had a driver's license and drove regularly (M = 16,000 kilometers per year, SD = 2.42). Sixteen participants were university faculty or graduate students, and 12 were professional taxi drivers. All 28 participants had experience driving in the simulator.
B. EQUIPMENT
The study was conducted in a static driving simulator consisting of a full real vehicle Trumpchi GA3 passenger car. A projector provided a front view of the driving environment, and two LCD screens provided the views for the side mirrors ( Figure 1 ). Engine and road noise were played back via the car speakers. The software UC-win/Road from FORUM8 simulated the driving environment and recorded relevant driving variables. The input of the car's pedal and steering wheel was sent to the UC-win/Road software by CAN bus. A conditionally automated driving system was able to take over longitudinal control (i.e., driving at a constant speed) and lateral control (i.e., driving in the lane center) tasks. Another LCD screen was placed on the dashboard of the vehicle. It was connected with the computer to display the human-machine interface (HMI). The HMI can display speedometer, driving mode, advanced driver assistant systems (ADAS) warning, and take-over requests (TORs). The icon in the lower part of the HMI displayed the driving mode. When the vehicle was in manual driving mode, the icon was a steering wheel with hands holding the wheel, and when the vehicle was in automated driving mode, the icon became a single steering wheel. When a TOR was issued, the two hands in the icon flickered, and the icon in the right of the HMI began to display the countdown information until system failure ( Figure 2 ). Moreover, the speaker in the car broadcasted a voice message: "Take-over the car." After the TOR was issued, once the driver performed any operation on the pedals or the steering wheel, the TOR ended, the icon stopped flickering, and the system transitioned into manual driving mode. 
C. EXPERIMENT DESIGN
The experiment was designed as a repeated-measure, withinsubject with three secondary task types: manual driving with no secondary task, automated driving (AD) with 1-back task, and AD with a letter game task. The conditions were counterbalanced to counteract other effects. For each type of secondary task, experiments were performed in three different test scenarios: scenario 1, scenario 2, and scenario 3.
In all three scenarios, participants were driving on a threelane freeway with the same regular traffic conditions. For the automated conditions, participants drove at 80km/h and kept in the middle lane. For the manual conditions, participants were also told to drive around 80km/h and keep in the middle lane. In scenario 1 (non-critical), there was a stationary damaged vehicle in the left lane [41] [42] [43] . The system cautiously reminded drivers to take-over control. In scenario 2 (critical), there was a stationary damaged vehicle in front of the ego lane [6] , [22] , [29] . After taking over, the drivers were required to brake or steer to avoid a collision. Scenario 3 (critical) was similar to scenario 2, but the drivers' visual field was blocked by a large SUV ahead-not until the SUV changed lanes was the obstacle in front visible, and then the system issued an urgent TOR ( Figure 3 ) [38] . In all three scenarios, the takeover request lead time (TORLt) was defined as 7 seconds, which was set according to previous studies [6] , [22] .
Manual driving was defined as operating without the automated driving system, but drivers were directed to maintain a driving speed and lane as close as possible to what the automated driving system maintained. The 1-back task [31] was administered in the form of an oral Q&A. The driver was required to pay attention to the number reported by the experimenter and answer the correct number. The driver's vision was free to look at the road and check the side mirrors. The letter game task was administered as a mobile phone game, which was treated as a rapid serial visual presentation (RSVP) task [49] , [50] , presented to ensure that participants did not look at the road when the take-over request was issued. During the task, participants held a mobile phone and kept it lower than the console. A series of letters were displayed on the screen and participants were required to choose and touch a distinctive letter on the screen from five letters ( Figure 4 ). The number of correct and wrong entries was counted and displayed on the same screen as a feedback loop. In the letter game task, the drivers were required pay attention to the road, but also keep their eyes on the phone screen at all times with both hands occupied. 
D. PROCEDURE
Participants were asked to read an information sheet regarding the study and the right to at any point abort their trial without any questions asked. After reading the information sheet, participants were asked to sign an informed consent form. They were also told that they were able to override any system inputs via the steering wheel, throttle and/or brake pedal. Drivers were reminded that they were responsible for the safe operation of the vehicle regardless of its mode (manual or automated) and thus needed to be able to safely resume control in case of failure. They were informed that the system may prompt them to resume control of the vehicle and that when such a prompt was issued, they were required to adhere to the instruction but only when they felt safe doing so. This instruction was intended to reduce the pressure on drivers to respond immediately and to reinforce the idea that they were ultimately responsible for safe vehicle operation. Before the formal experimental session, participants performed a five-minute familiarization session. In total, an experiment lasted at maximum 59 minutes, and contained nine take-over requests per participant. At the end of each driving condition, participants were asked to fill out the NASA-Task Load Index (NASA-TLX) [15] , [31] , [41] to assess their workload during the whole drive. They were also offered a short break before continuing the study. The take-over performance data was logged for each transition from automated driving to manual control.
III. RESULTS
Here, the impact of the experimental factors 'secondary task type' and 'test scenario' on the dependent measures of the study will be discussed. Aggregated continuous measures (e.g., minimum TTC) ( Table 2) were analyzed by depicting the mean values and confidence intervals (95%) per experimental condition. These values were analyzed further by an Analysis of Variance (ANOVA) with the within-subject factor 'secondary task type'; 'test scenario' was also used in the analysis. It is important to note that manual driving was defined as a continuous state that did not need to be taken over, and when the drivers faced a front obstacle during manual driving in a straight lane, they were still required to brake or steer. In this study, the reaction behavior during manual driving was compared with that of automated driving as a take-over behavior. 
A. WORKLOAD
The workload, which the participants perceived during the whole drive, was measured using the NASA-TLX questionnaire. The total score of the NASA-TLX questionnaire among all participants was analyzed with the two-way ANOVA with repeated measures to study the impact of the test scenario and the secondary task type on workload. There was no statistically significant interaction on the total NASA-TLX score between the test scenario and the secondary task type (F(4,54) = 0.350, p = 0.8417). The result of the test scenario was also not significant (F(2,54) = 1.180, p = 0.3225), but the result of the secondary task type was significant (F(2,54) = 5.212, p = 0.0122). Post-hoc test results show that the difference between manual driving and the other secondary tasks was statistically significant (p < 0.05). However, the difference between the 1-back task and the letter game task was not statistically significant. On a descriptive level, in terms of the different test scenarios, the NASA-TLX scores from scenario 3 (M = 52.75, SD = 12.79) were higher than scenario 2 (M = 46.08, SD = 12.65) and scenario 1 (M = 40.81, SD = 15.53). In terms of the different secondary tasks, the drivers had higher NASA-TLX scores when engaged in the 1-back task (M = 55.50, SD = 16.11) than when engaged in the letter game task (M = 51.97, SD = 15.70) and when engaged in manual driving (M = 32.17, SD = 12.08) ( Figure 5 ). 
B. DRIVER'S REACTION
The mean braking reaction time was approximately 2.70 s (SD = 1.42). A two-way repeated measures ANOVA was conducted to analyze the primary effects and interactions of the test scenario and secondary task type on the braking reaction time. All interaction effects were statistically significant (F(4,162) = 4.507, p = 0.0024). The results for the test scenarios were significant (F(2, 162) = 5.576, p = 0.0054). Those for secondary task type were also significant (F(2, 162) = 3.190, p = 0.0464). Post-hoc test results show that the difference between the 1-back task and the other secondary tasks was statistically significant (p < 0.05). However, the difference between manual driving and the letter game task was not statistically significant. On a descriptive level, in terms of the different test scenarios, the drivers reacted faster in scenario 2 (M = 2.36 s, SD = 1.36) than in scenario 1 (M = 3.20 s, SD = 2.15) and than in scenario 3 (M = 2.84 s, SD = 1.02). In terms of the different secondary tasks, the drivers reacted slower when engaged in the 1-back task (M = 3.10 s, SD = 1.52) than when engaged in the letter game task (M = 2.50 s, SD = 0.73) and than when engaged in manual driving (M = 2.40 s, SD = 2.03) ( Figure 6 ).
The mean steering reaction time was approximately 3.61 s (SD = 2.19). This shows that drivers' steering reaction was generally slower than their braking reaction. Further, to investigate the effect of the test scenarios and the secondary task type on the steering reaction time, a two-way repeated measures ANOVA was performed. There was a statistically significant interaction in the steering reaction time between the test scenarios and the secondary task type (F(4,228)=2.544, p=0.0433). The results for the test scenarios were significant (F(2, 228) = 4.395, p=0.0145), and those for the secondary task type were also significant (F(2, 228) = 8.722, p = 0.0003). Post-hoc test results show that the difference between scenario 2 and the other scenarios, and the difference between the 1-back task and other secondary tasks, was statistically significant (p < 0.05). On a descriptive level, in terms of the different test scenarios, the drivers reacted faster in scenario 2 (M = 2.78 s, SD = 2.22) than in scenario 1 (M = 4.30 s, SD = 2.90) and than in scenario 3 (M = 3.93 s, SD = 1.04). This trend is similar to the braking reaction time. In terms of the different secondary tasks, the drivers reacted slower when engaged in the letter game task (M = 4.41 s, SD = 2.28) than when engaged in the 1-back task (M = 3.80 s, SD = 1.32) and than when engaged in manual driving (M = 2.24 s, SD = 2.41). Interestingly, this trend is opposite to the braking reaction time (Figure 7 ). The take-over time is the smaller value of the two reaction times described above. Figure 8 shows the mean take-over times for the three test scenarios and three secondary task types. The two-way repeated measures ANOVA showed a statistically significant interaction in the take-over time between the test scenario and the secondary task type (F(4, 230) = 7.036, p < 0.0001). The result of the test scenario was significant (F(2, 230) = 13.56, p < 0.0001), and the secondary task type was also significant (F(2, 230) = 3.342, p = 0.0388). In terms of the different test scenarios, drivers' take-over time was faster in scenario 2 (M = 1.61 s, SD = 1.74) than in scenario 1 (M = 3.17 s, SD = 1.74) and in scenario 3 (M = 2.86 s, SD = 0.93). In terms of the different secondary tasks, drivers' take-over time slower when engaged in the 1-back task (M = 2.88 s, SD = 1.09) than when engaged in the letter game task (M = 2.65 s, SD = 1.11) and when engaged in manual driving (M = 1.77 s, SD = 2.43). It is noteworthy that the take-over time of both two secondary tasks was higher than that of manual driving (Figure 8 ).
C. VEHICLE MOTION STATE
Maximum deceleration has a strong correlation with the stability of a vehicle's longitudinal driving state, and it is an important indicator to evaluate a driver's take-over performance [51] . However, the two-way repeated measures ANOVA showed that the test scenario (F(2,162) = 0.9641, p = 0.3856) and secondary task type (F(2,162) = 1.681, p = 0.1926) did not significantly affect maximum deceleration. On average, a maximum deceleration of -7.35 m/s 2 was reached. Drivers in scenario 2 reached a slightly higher maximum deceleration (M = -7.52 m/s 2 , SD = 2.18) than in scenario 3 (M = -7.35 m/s 2 , SD = 2.68) and than in scenario 1 (M = -6.91 m/s 2 , SD = 2.41). On the other hand, participants engaged in the letter game task reached the highest maximum deceleration (M = -7.77 m/s 2 , SD = 1.87) than those engaged in the 1-back task (M = -6.96 m/s 2 , SD = 2.78) and than those engaged in manual driving (M = -7.22 m/s 2 , SD = 2.69) ( Figure 9 ). 
D. CRITICALITY
The minimum TTC values are shown in Figure 10 . Since scenario 1 was a non-critical scenario and there was no stationary vehicle in the ego lane, only scenario 2 and scenario 3 were analyzed. On average, the minimum TTC in all test scenarios and secondary tasks was above a potentially critical 1-second threshold [52] , [53] . The two-way repeated measures ANOVA showed a statistically significant interaction in the minimum TTC between the test scenarios and the secondary task type (F(2, 168) = 3.295, p = 0.0419). The results of the test scenario were significant (F(1, 168) = 5.384, p = 0.0227), and those of the secondary task type were also significant (F(2, 168) = 3.197, p = 0.0459). Post-hoc test results show that the difference between scenario 2 and scenario 3 and the difference between manual driving and the other secondary tasks was statistically significant (p < 0.05). In terms of the different test scenarios, the minimum TTC in scenario 3 (M = 2.77 s, SD = 1.34) was lower than in scenario 2 (M = 3.55 s, SD = 1.93). In terms of the different secondary tasks, the drivers engaged in manual driving (M = 3.74 s, SD = 2.11) had a higher minimum TTC than those engaged in the letter game task (M = 2.98 s, SD = 1.28) and those engaged in the 1-back task (M = 2.76 s, SD = 1.48).
E. TAKE-OVER MODES
In previous studies, the take-over or reaction mode [54] has been used to describe driver behavior after being requested to take-over. Researchers classified the operation after take-over into three categories: braking, acceleration, and steering, and analyzed the relationship between take-over modes and safety [54] , [55] . In this study, the take-over mode was defined as two modes: braking first or steering first. Braking first means that the driver braked as the first operation in the take-over process. In this mode, the take-over time was equal to the braking reaction time. Steering first means that the driver steered as the first operation in the take-over process. In this mode, the take-over time was equal to the steering reaction time. Figure 11 shows the proportion of take-over modes corresponding to the different test scenarios and secondary task types. For the same reasons as described above, only scenario 2 and scenario 3 were analyzed. Overall, approximately 66.3% of drivers braked first, while 33.7% of drivers steered first. In terms of the test scenarios, when there was an obstacle FIGURE 11. Distribution of two take-over modes.
in front, the braking first mode was used more frequently. The proportion of braking first was higher in scenario 3 (72.34%) than in scenario 2 (60%). In terms of the secondary task type, the two take-over modes were almost equal when the drivers engaged in manual driving (48.39% and 51.61%), but when drivers engaged in a secondary task (as opposed to not engaging in a secondary task at all, defined herein as manual driving), the braking first mode was used much more (1-back: 70.97%; letter game: 80%).
IV. DISCUSSION

A. THE INFLUENCE OF DIFFERENT TEST SCENARIOS AND SECONDARY TASKS ON DRIVING WORKLOAD
In this study, transitions of control from automated driving to manual driving were analyzed in three highway scenarios. Scenario 1 was a normal, non-critical driving situation. There were no obstacles in front in the ego lane. This scenario was used to test the take-over performance of drivers under no time pressure [41] [42] [43] and to contrast with the critical situations. Scenario 2 and scenario 3 were critical scenarios with stationary obstacles in front in the ego lane. However, the obstacle in scenario 2 was not blocked and could be seen ahead of time. The obstacle in scenario 3 was blocked by a large SUV in front of the driver's vehicle. The obstacle was not visible until the SUV changed lanes, after which the driver had to make an urgent correction. In the design phase of the experiment, it was decided that the urgency of the three scenarios be presented to the drivers in an incremental manner, and the drivers' NASA-TLX scores indirectly confirmed that the drivers perceived this incremental design. As can be observed in Figure 5 (left), the driving workload of the three scenarios increased with urgency, but the difference between them was not significant, and the overall effect of the test scenarios on driving workload was not significant. Reasons for this may include that the three test scenarios were not typical in terms of urgency or workload demand or perhaps the urgency of the scenarios and the drivers' workload was not positively correlated.
In terms of the secondary tasks, this study included manual driving (no secondary task) as the baseline, and two secondary tasks, the 1-back task and the letter game task, as the experimental conditions. In the 1-back task, the driver was required to pay attention to the number reported by the experimenter and answer the correct number. The driver had clear vision to look at the road and/or check the side mirrors. In the letter game task, drivers not only had to pay the same attention as the 1-back task, but also keep their eyes on a phone screen at all times with both hands holding the phone. In the design phase of the experiment, it was assumed that the workload of the secondary tasks would be higher than that of manual driving, and that the letter game task, which takes up more cognitive resources of the driver, would have a higher workload than the 1-back task. As can be observed in Figure 5 (right), the driver's workload during manual driving was significantly lower than that of the two secondary tasks, but there was no significant difference between the two tasks themselves. This was consistent with the results in a previous study [19] . In addition, the workload of the 1-back task was higher than that of the letter game task, contrary to the original assumption. In interviews, drivers reported that the rhythm of the letter game task was selfactive, but the rhythm of the 1-back task was controlled by the experimenter, and the driver answered passively, so the driver needed to devote more attention to it. This may be the reason for the higher workload of the 1-back task. The overall effect of the secondary tasks on driving workload was significant. This can indicate that the additional engagement required to complete the secondary tasks had a greater effect on driver workload during control transitions than the roadway (test) scenarios [31] . It can be concluded that engaging in secondary tasks significantly increases workload during the take-over process, which is similar to the results of previous studies [19] , [31] .
B. THE INFLUENCE OF DIFFERENT TEST SCENARIOS AND SECONDARY TASKS ON DRIVER'S REACTION
The driver reaction time included the braking reaction time and the steering reaction time. The take-over time was the smaller value of the two reaction times. As can be observed in Figures 6 and 7 , for all test scenarios and secondary task types, the mean braking reaction time was almost always less than the mean steering reaction time. This can indicate that the driver needed more cognitive resources to identify the current traffic environment and judge when to take-over lateral control, and thus spent more time on decision-making. Meanwhile, the take-over of longitudinal control required less information to be identified, so the braking reaction time was less. It can be concluded that the test scenarios and secondary tasks have a significant influence on the drivers' braking reaction time, steering reaction time and take-over time, which is consistent with the results of previous studies [35] .
In terms of the test scenarios, the trends of the steering reaction time, braking reaction time and take-over time were the same. Scenario 2 (visible obstacle) had the shortest response time, scenario 3 (obstructed obstacle) had a slightly longer reaction time, and scenario 1 (no obstacle) had the longest response time. This shows that if the obstacle can be seen in advance, it will help the driver shorten the cognitive process and react faster. Therefore, when designing the humanmachine interaction system of automated driving, if more salient and semantically congruent cues, as well as explicit instructions, can be used as guides to remind the driver of the specific location of the dangerous event, then it may be more helpful to help the driver take-over in time. The existing research results in this field also prove the importance of cues in improving take-over response performance [47] . In particular, because scenario 1 was a non-critical scenario, and there were no obstacles ahead, the drivers were more relaxed in decision-making and take-over time was longer. This can indicate that drivers take longer to resume control when under no time pressure situations [41] .
In terms of the secondary task types, the reaction times and the take-over time in the manual driving state were significantly lower than those in the secondary task state, and this trend was consistent with the driving workload trend. This suggests that secondary tasks can distract the driver and increase the workload, which can lead to a significant increase in reaction and take-over time. The secondary tasks show an opposite trend between braking reaction time and steering reaction time. The braking reaction time of the 1-back task (visual free) was longer than that of the letter game task (visual occupied), but the steering reaction time of the 1-back task (visual free) was shorter than that of the letter game task (visual occupied). This shows that when the secondary task occupied the driver's vision, the steering reaction time was significantly longer. Drivers who were not visually occupied were able to keep their eyes on the road and react more quickly. When designing the human-machine interaction system of automated driving, for the driver who is undertaking a secondary task with occupied vision, it is suggested to give drivers certain steering information to facilitate quick decisions and lateral control take-over.
The take-over time results in this study were highly consistent with the results in existing literature [17] . In this study, under the condition of TORLt = 7 s, the mean take-over time of the driver engaged in the letter game task was 2.65 s, the mean take-over time of the driver engaged in manual driving was 1.77 s, and the mean steering reaction time was 3.61 s. The corresponding results in the literature [17] were 2.89 s (with a similar SuRT task), 1.42 s and 3.65 s, respectively. This shows that the experimental results of this study are convincing.
C. FACTORS AFFECTING TAKE-OVER SAFETY
Maximum braking deceleration was considered to reveal the longitudinal stability of the take-over process. However, as can be observed in Figure 9 , neither test scenario nor secondary task had a significant impact.
The minimum TTC can reveal critical danger in the takeover process. The larger the minimum TTC, the safer the take-over process. As can be observed in Figure 10 , the minimum TTC of scenario 3 was significantly smaller than that of scenario 2, and the minimum TTC in the secondary task state was significantly smaller than that of manual driving. Under all conditions, the minimum TTC was inversely proportional to the workload, indicating that the workload is an important factor affecting take-over safety. When the workload increased, take-over safety decreased significantly. In addition, the longer the take-over time, the less safe the take-over.
To analyze the relationship between take-over mode and take-over safety, a scatter plot of the minimum TTC and the take-over time of the two take-over modes was drawn for scenario 2 and scenario 3, both of which included stationary obstacles in front of the vehicle. As shown in Figure 12 , the horizontal coordinate is the driver's take-over time, and the vertical coordinate is the minimum TTC during each take-over. The negative take-over time in the figure represents a situation in which the driver took control before the TOR. The polynomial curves were used to fit the data points [56] , [57] . The overall trend was that the minimum TTC decreased with an increase in take-over time, indicating that the longer the take-over time, the worse the take-over safety. The two fitting curves were intersected at one point (about 2.418 s). This shows that when the take-over time was before the intersection point (the remaining operating time was longer), it was safer to take the braking first mode, and when the take-over time was after the intersection point (the remaining operating time was shorter), it was safer to take the steering first mode. When the take-over time was longer, or the remaining operating time was shorter, the brake operation was not enough to safely avoid collision, so steering operation was required.
V. CONCLUSION
A simulated driving experiment was carried out to test transitions of control from a conditionally automated driving system to manual driving. The independent variables of the experiment include three test scenarios (one non-critical and two critical with incremental urgency) and three secondary task types (manual driving without any distraction, the 1-back task with auditory and cognitive distraction but without visual or tactile distraction, and the letter game task with auditory, cognitive, visual and tactile distraction). It can be concluded that:
1) The take-over time and workload before the take-over are two important indicators that affect take-over safety. The impact of the secondary tasks on driving workload was more obvious than the impact of the test scenarios. The workload of the driver engaged in the two secondary tasks with distraction was significantly higher than that in manual driving. The driving workload of a visual-occupied secondary task was not necessarily higher than that of a visual-free secondary task.
2) The steering reaction was generally slower than the braking reaction in the take-over process, indicating that the lateral operation required more cognitive and decisionmaking time.
3) In extreme cases, braking was not sufficient to ensure safety, and steering was required. When obstacles were not easy to detect, or when the driver was engaged in a visual secondary task, the steering reaction time increased significantly. It is suggested that in designing the human-machine interaction system of automated driving, some hints of steering operation should be given to the driver, which will help to reduce the steering reaction time and improve take-over safety.
